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Abstract 
Uncoated resonant sensors are presented here for wireless monitoring of solvated ions, with progress 
made toward monitoring nitrates in agricultural runoff. The sensor, an open-circuit Archimedean coil, is 
wirelessly interrogated by a portable vector network analyzer (VNA) that monitors the scattering 
parameter response to varying ionic concentrations. The sensor response is defined in terms of the 
resonant frequency and the peak-to-peak amplitude of the transmission scattering parameter profile 
(|S21|). Potassium chloride (KCl) solutions with concentrations in the range of 100 nM – 4.58 M were 
tested on nine resonators having different length and pitch sizes to study the effect of sensor geometry 
on its response to ion concentration. The resonant sensors demonstrated an ion-specific response, 
caused by the variations in the relative permittivity of the solution, which was also a function of the 
resonator geometry. A lumped circuit model, which fit the experimental data well, confirms signal 
transduction via change in solution permittivity. Also, a ternary ionic mixture (composed of potassium 
nitrate (KNO3), ammonium nitrate (NH4NO3), and ammonium phosphate (NH4H2PO4)) response surface 
was constructed by testing 21 mixture variations on three different sensor geometries and the phase and 
magnitude of scattering parameters were monitored. It was determined that the orthogonal responses 
presented by resonant sensor arrays can be used for quantifying levels of target ions in ternary mixtures. 
Applications of these arrays include measuring the concentration of key ions in bioreactors, human 
sweat, and agricultural waters. Preliminary results are shown for calibration standards and real waterway 
samples in Iowa, USA. 
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Uncoated resonant sensors are presented here for wireless monitoring of solvated ions, with 
progress made toward monitoring nitrates in agricultural runoff. The sensor, an open-circuit 
Archimedean coil, is wirelessly interrogated by a portable vector network analyzer (VNA) that 
monitors the scattering parameter response to varying ionic concentrations. The sensor 
response is defined in terms of the resonant frequency and the peak-to-peak amplitude of the 
transmission scattering parameter profile (|S21|). Potassium chloride (KCl) solutions with 
concentrations in the range of 100 nM – 4.58 M were tested on nine resonators having different 
length and pitch sizes to study the effect of sensor geometry on its response to ion 
concentration. The resonant sensors demonstrated an ion-specific response, caused by the 
variations in the relative permittivity of the solution, which was also a function of the resonator 
geometry. A lumped circuit model, which fit the experimental data well, confirms signal 
transduction via change in solution permittivity. Also, a ternary ionic mixture (composed of 
potassium nitrate (KNO3), ammonium nitrate (NH4NO3), and ammonium phosphate 
(NH4H2PO4)) response surface was constructed by testing 21 mixture variations on three 
different sensor geometries and the phase and magnitude of scattering parameters were 
monitored. It was determined that the orthogonal responses presented by resonant sensor 
arrays can be used for quantifying levels of target ions in ternary mixtures. Applications of these 
arrays include measuring the concentration of key ions in bioreactors, human sweat, and 
agricultural waters. Preliminary results are shown for calibration standards and real waterway 
samples in Iowa, USA. 






Charged chemical species, ions, are the signaling logic of biological systems and ubiquitous in 
natural waterways, industrial processes, and energy systems.  Detection of their presence and 
level is important for many processes, such as identifying harmful levels of nitrate in agricultural 
runoff water that can lead to downstream eutrophication and algae blooms.1,2  Since ions play 
such significant roles in many systems, there have been several methods developed for 
accurate measurement of ion concentration in solutions since the early 1900s3 including, but not 
limited to, spectrophotometric methods4, photoluminescent probes5, ion chromatography6, and 
optical fiber sensors.7 Frequently used ion-selective membrane electrodes (ISME)8 measure the 
potential difference caused by the interactions between the targeted ion and the ionophore 
which is present in the selective membrane.9 The major challenges associated with these 
techniques are the need for bulky instruments and direct access to the solution (required 
sampling).  
In recent years, there have been some novel advances to enable wireless ion concentration 
measurements to measure in situ without sampling. A common strategy is to couple a solid-
state ISME to powered, integrated circuits (ICs) that enable wireless measurement (e.g. 
Bluetooth, cellular).10 In one embodiment the ISME is coupled to an RFID potentiometer 
(operating at the ISM 13.56 MHz band); the RFID tag has an internal, electrically erasable, 
programmable read-only memory to store the sensor data and the sensor can be wirelessly 
accessed.11,12 Optical probes have also been developed to enable contact-free measurement, 
but require a transparent line of sight.13–15 Measuring ions, contact-free, from opaque closed 
systems (biological, manufacturing, and processing) without wireless communication ICs 
(typically powered) has not been demonstrated. A simple, passive, wireless system is critical for 
applications where the sensor is widely distributed to many measurement nodes (e.g. a farm 
field or large runoff and river system) or in applications that demand a disposable price point 
(e.g. single-use bioreactors16–22 or sweat analytic wearables23–27).  Ion monitoring is needed to 
measure, model, and control these systems.   
The focus of this paper is to demonstrate the use of passive, resonant sensors for the wireless 
measurement of ions. Resonant sensors, also known as LCR sensors, are inexpensive simple 
circuits containing an inductor (L), capacitor (C), and inherent system resistance (R).28 The 
sensor has a specific resonant response which will modulate by altering one or more of the 
above-mentioned circuit parameters. The applicability of these sensors in measuring physical 
(e.g. temperature, humidity, strain, and pressure)29–32, chemical (e.g. pH)33–39, and biological 
(e.g. bacterial growth, enzyme activity, and tissue characterization)40–44 parameters have been 
reported. In terms of ions, the concentration of nitrate, sulfate, and phosphate ions was 
estimated in water sources via planar electromagnetic sensors.45–47 For instance, tethered LC 
resonators have been used to sense phosphate and nitrate in solutions by correlating the ion 
concentration to the transmission coefficient response behavior using a vector network 
analyzer.48 However, the sensor is not truly wireless, as it is directly connected to the VNA via 
coaxial cables. Hence, it is not appropriate for applications in which it is not possible to have 
direct access to the sensor.   
To the best of our knowledge, a non-invasive, passive (no onboard power), wireless sensor 
capable of reporting real-time, ionic concentration in aqueous solutions has not been described. 
Herein we demonstrate the response of resonant sensors to a panel of ions that are relevant to 
environmental and agricultural applications. These sensors resonate at specific frequencies, 
which can be tuned by the resonator’s geometry28, and herein we show how these resonant 
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properties are modulated based on the type and amount of solvated ions. To describe this 
phenomenon, we also model the effect of ions using a lumped circuit model to validate the 
transduction mechanism proposed as a change in solution permittivity.  To demonstrate utility of 
an uncoated resonant sensor, we show the response to nitrates in agricultural field runoff. 
Finally, we determine the effect of resonator geometry on ion-specific responses and show the 
limits of fingerprinting ternary mixtures of ionic compounds with an array of three resonators with 
orthogonal responses. 
RESULTS AND DISCUSSION 
Resonator Fabrication and Measurement 
As explained in the previous works30,42, the resonators were rapidly fabricated in a standard 
laboratory without lithographic processes.  In brief, the steps were: 1) depositing the spiral-
shaped positive mask on a copper-polyimide flexible substrate, 2) etching the sheet to remove 
the unmasked copper, and 3) rinsing the sample with acetone to remove the mask (Figure 1a). 
The resonator was then adhered to the base of a petri dish in order to prevent short-circuiting 
and the dish was securely positioned over a two-loop reader antenna connected to a vector 
network analyzer (VNA) (Figure 1b). The VNA measures the scattering parameter (S 
parameters) from the system (phase and magnitude data). The sensing medium containing the 
ionic compound(s) of interest was added to the dish and the coupled signal from the LC sensor 
and medium was measured by the VNA. The dielectric properties of the sensor environment 
were affected by the ions in solution which resulted in variations in the reported values for the S-
parameters. By monitoring the magnitude of the transmission S-parameter signal (|S21|) over the 
frequency range of interest (10-100 MHz), we were able to extract two variables of the sigmoidal 
|S21| response (Figure 1c): peak resonant frequency (I), and peak-to-peak amplitude (II). A 
custom algorithm is then used to detect the resonant (peak) and anti-resonant (trough) 
frequencies (red circles in Figure 1c). The peak-to-peak amplitude is the vertical distance of the 




Figure 1. Fabrication and operating principles of resonant sensors. (a) Three-step process for prototyping 
resonant sensors from copper clad polyimide: positive masking, etching, and mask removal; (b) summary 
of the method for detection and measurement of ionic compounds in a solution using an external reader 
antenna connected to a vector network analyzer and monitoring the scattering parameter response; (c) 
example of the transmission magnitude response (|S21|) in which resonant frequency and peak amplitude 
are noted as I and II, respectively.  
Modeling of Resonator Response 
Next, the response of the resonant sensor and reader antenna system were described with a 
lumped element model (Figure 2a). Each non-concentric coil in the reader is modeled as a pair 
of coupled parallel LCR resonators where LP models the self-inductance of each coil, CP models 
the parasitic capacitance to ground, and RP models the conduction losses in the reader. The 
coupling between each coil is modeled through the mutual inductance, M1. The values for LP, 
CP, RP, and M1 were extracted from experimentally measured S-parameters from our system 
(168.8 nH, 9.4 pF, 27.3 kΩ, and -11.4 nH, respectively). The S-parameters were measured from 
300 kHz to 100 MHz using an Agilent 5071C 4-port network analyzer calibrated such that the 
reference plane was at the terminals of the reader. While more complicated models could be 
used for the reader, good agreement between the simulated and measured S-parameters were 
obtained with the model (Figure 2c and d). 
The resonator is a spiral (Figure 2b) of copper on a thin, flexible substrate, with its terminals left 
in an open circuit. The resonator has an outer diameter, dout, an inner diameter, din, a pitch, P, 













Moreover, the material to which the resonator is exposed has a complex relative permittivity, εr. 
In our setup, this is the aqueous solution with ions above the resonator. The resonator (Figure 
2b) is modeled using a series LCR circuit (Figure 2a), where the inductor, Lres, models the self-
inductance of the resonator coil and Rres models the conduction losses in the metal. The 
capacitor, Cres, models the parasitic capacitance seen across the terminals of the resonator and 
is dependent upon the material to which the resonator is exposed. Finally, the interaction 
between the resonator and the reader is modeled with the mutual inductances M2A and M2B. The 
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Where µ0 is the permeability of free space (1.257×10-6 H/m), N is the number of turns, and davg 
and 𝜌𝜌 are defined in (eq 1) and (eq 2), respectively. The value for the capacitor, Cres, is obtained 
from the self-resonant frequency, fSR, of the resonator: 
 𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟 = (4𝜋𝜋2𝑓𝑓𝑆𝑆𝑆𝑆2 𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟)−1 (4) 
 
The self-resonant frequency of the resonator will depend on the material to which the resonator 
is exposed through a change in the complex relative permittivity, 𝜀𝜀𝑟𝑟. Using expressions adapted 
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where 𝑐𝑐 is the speed of light in free space, 𝑙𝑙 is the total length of copper used to construct the 
resonator, 𝜀𝜀′is the real component of the complex relative permittivity, and 𝛽𝛽 is expressed as: 
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The series resistance of the resonator, 𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟 , is approximated from the resistivity of copper and 
the skin effect.51 It is assumed that the metal used to realize the resonator has a circular cross-
section with an effective area expressed as: 





where D is the cross-sectional diameter of the copper trace. The result of (eq 7) can then be 
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To demonstrate the utility of this model, a resonator with din = 1.5 mm, dout = 40 mm, P = 1 mm, 
N = 20, and 𝑙𝑙 = 1255 mm is considered. Equations (eq 3) – (eq 8) are evaluated for the cases 
where the resonator is exposed to air, DI water, and a 3 mM solution of potassium chloride 
(KCl). The static relative permittivity (relative permittivity at DC) for air and DI water are εrA = 1 
and εrW = 80.4, respectively.52 The static relative permittivity for the KCl solution was estimated 
to be εrKCl = 78.8.53 The resulting resonator model values are shown in Table S1. We also 
compared simulated S-parameters of the model to measured S-parameters for air and DI water 
(Figure 2e) and the 3 mM solution of KCl (Figure 2f).  
Using the model (Figure 2a), the simulated |S21| matches well with experimental results for air 
and DI water (Figure 2e). There are, however, resonant peaks in the measured response at 
approximately 40 MHz and 60 MHz that are not captured by the simulation. These peaks are 
likely the result of higher-order interactions between the reader/resonator/solution system that 
were not captured in this model. Comparing the simulated and measured |S21| for the KCl 
solution, we see that the model accurately predicts the frequencies of the peaks and valleys, but 
the simulated magnitudes are several dB larger than the measured values. This is due to the 
method by which the resonator loss is modeled. The loss was modeled as just the AC loss in 
the conductors. There is possible additional loss due to the increased conductivity of the 
solution resulting in energy loss caused by the interaction between the electric fields and the 
ions in the solution. 
 
Figure 2. Modeled response of the resonant circuit. (a) Lumped circuit model of resonator and reader; (b) 
the Archimedean spiral resonator having three design parameters: inner diameter, outer diameter, and 
pitch size; simulated and measured (c) magnitude and (d) phase of S21 and S11 for the reader; (e) 
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simulated and measured |S21| for the resonator exposed to air and DI water; (f) Simulated and measured 
|S21| for 3 mM of KCl.  
Effects of Salt Concentration on Resonant Sensor Response 
In order to determine the effect of the ion concentration existing in an aqueous solution on the 
|S21|  response of the sensor, different concentrations of KCl, ranging from 100 nM to 1 M as 
well as the solubility limit of KCl in DI water at room temperature (4.58 M)54, were measured on 
a resonator with din = 1.5 mm, dout = 40 mm, P = 1 mm. To initialize the experiment, deionized 
(DI) water was initially added to the petri dish (50 ml) and the sensor setup was positioned at 
the center of the reader. Increasing concentrations of KCl were added to the solution while the 
total volume was kept constant in order to eliminate the effect of liquid volume on the sensor 
response. Using this method, 40 different concentrations of KCl were tested on the sensor 
(Table S2). By monitoring |S21| (Code S3), it was observed that the resonant frequency and 
amplitude change as a function of ion concentration (Figure 3), however, not in a monotonic 
pattern as we expected. 
 
Figure 3. |S21| (dB) response of 40mm diameter, 1mm pitch resonator to increasing concentration of KCl. 
Red circle denotes resonant peak, black x marks the anti-resonant trough, and the red dotted line shows 
peak amplitude.  
The sensor response was more complex than anticipated (Video S4). The resonant peak initially 
appeared (16.96 MHz for this sensor) and did not change with concentration from 0 to 0.1 mM 
KCl solution while the amplitude decreased. With further increase in the concentration of KCl, 
the resonant frequency shifted to a lower frequency (6.9 MHz) and it went through a transition 
point in where the peak was not detectable at 8 mM (amplitude of zero). Above 20 mM, the 
peak-to-peak amplitude increased, and the resonant frequency continued to decrease up to 60 
mM and reached a relatively stable level again at higher concentrations. At this phase, the 
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resonant frequency increased (0.174 MHz for the sensor in Figure 3) as the concentration 
increased from 60 mM to 4.58 M. 
The sensor response observed here is in fair agreement with the previous experimental and 
circuit modeling studies as well as the physical principles of the electrolyte solutions, such as 
Debye-Falkenhagen theory and the kinetic polarization deficiency effect (detailed in S5). For 
instance, the drop in the resonant frequency with changing ionic concentration is caused by an 
increment in the relative permittivity of the aqueous KCl solution, which has been demonstrated 
by Hubbard et.al.55 Furthermore, the resonance feature behavior at concentrations around 8 
mM can be explained via circuit model developed by Elsherbiny et.al. In this model, the 
mismatch between the impedance of the spiral inductor and the solution impedance at certain 
concentrations causes poor power transfer from the spiral to the sample medium, which 
eventually results in full attenuation of the resonant signal.56  
Effect of Resonator Geometry on Sensor Response 
Next, we determined the effect of resonator geometry on these |S21| responses (plotted using 
MATLAB (Code S7)) caused by increasing KCl concentration. Nine resonators with variant pitch 
and length sizes were designed (Table S6) and the same concentrations of KCl from above 
were studied. Similar patterns for shifts in resonant frequency and peak amplitude were 
observed (Figure 4); however, the magnitudes of these measurements were dependent on the 
geometry of the sensor.  
The initial resonant frequency (fSR), which did not go through major changes up to 1mM, was 
observed to be dependent on the geometrical parameters (e.g. outer diameter, pitch size, 
number of turns, etc.) of the Archimedean spiral resonator. For resonators with similar length 
(1255 mm) and variant pitch sizes (1-2.5 mm), the measured self-resonant frequency was 
higher for a larger pitch size (Figure S8a) which is consistent with the previous findings.40 For 
the spirals with a similar pitch size (1.2 mm) and different length (800-2764 mm), the resonant 
frequency was inversely related to the length size (Figure S8b). As the length increases, both 
the outer diameter (dout) and the number of turns (N) increase, which would cause the 
inductance (Lres) of the circuit to increase (Eq. 3). This causes a lower resonant frequency. For 
all geometries, the large decrease in resonant frequency was observed in the concentration 
range of 0.1 mM-0.1 M; however, the absolute value of this shift was more dependent on the 
length of the resonator rather than the pitch size (Figure S9).  
As mentioned earlier, the resonant frequency response to different concentrations of KCl can be 
explained through the electrical properties of ionic aqueous solutions theories. This trend is 
consistent through all the resonators; however, unexpectedly, the window in which the peak-to-
peak amplitude is almost zero (e.g. where the resonator/solution system is most lossy) is 
dependent on the pitch size and coil length. We attribute this to the surface area of the sensor, 
which has the highest value for the largest pitch size and the largest coil length. For a resonator 
with a larger surface area, the reader antenna is better shielded from the ionic solution. 




Figure 4. Effect of resonator geometry on |S21| response to different concentrations of KCl. The changes 
in resonant frequency and peak amplitude responses for resonators (a-c) with 1.26 m spiral length with 
varying pitch and (d-f) with constant 1.2 mm pitches and varying lengths (see Table S1). 
Effect of Ion Type on Sensor Response 
To further study the sensor response to ionic compounds, four salts were chosen to be tested 
on resonators to investigate if the LC sensors have an ion-specific response. The salt panel 
included potassium nitrate (KNO3), ammonium nitrate (NH4NO3), potassium phosphate 
(KH2PO4), and ammonium phosphate (NH4H2PO4), which were carefully selected to have 
matched cation and anion pairs. Also, since nitrate and phosphate are among most important 
anions in agriculture, they were chosen to demonstrate the potential application of this work.  
Since the length of the resonator had a more significant effect on the changes in the resonant 
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frequency response to different KCl concentrations, three resonators with constant pitch size 
(1.2 mm) and different length (0.8, 1.26, and 2.76 m) were used for this test. The S21 sensor 
response for 100 µM, 2 mM, 30 mM, and 100mM for these salts are shown as polar plots 
(Figure 5). Polar plots (Code S10) are useful for these measurements as they show both the 
magnitude and phase of the S21 signal simultaneously, rather than just the magnitude data 
(Figure 3 and 4) and subtle differences caused by geometric changes can be observed. In these 
polar plots, the radial gridlines represent the phase of S21 and the concentric circles 
demonstrate the radio frequency (RF) voltage gain (RF output voltage/RF input voltage), which 
can be calculated using |S21|: 
 𝑉𝑉𝑉𝑉𝑙𝑙𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝐺𝐺𝑉𝑉𝐺𝐺𝐺𝐺 = 10(|S21| 20)⁄  (9) 
 
It was observed that the type of ion has a major effect on the sensor response for all 
concentrations of the ions and all geometries of the resonators (Video S11). The reason that the 
sensor is able to have a unique response to each of these salts is that they have different 
polarization behavior which leads to different dielectric properties. Furthermore, the Debye – 
Falkenhagen expression is dependent on the mobility of ions and the type of salt. Therefore, the 
relative permittivity of aqueous solutions is dependent on the solvated salt. Even for a 
concentration in the transition range (30 mM here) in which the resonator behavior might look 
independent of the type of salt due to the collapse of the amplitude, there are small variations 
observed. In general, the S21 signal response is more salt-dependent at very low (<10 mM) and 
very high (> 100 mM) due to the higher amplitude at these regions. Nonetheless, the salts with 
similar anion (KNO3 - NH4NO3, and KH2PO4- NH4H2PO4) result in a more similar sensor 
response. We attribute this to the potassium and ammonium having identical ionic mobilities of 
1, while the ionic mobility for nitrate and phosphate are more unique, 0.972 and 0.45, 
respectively. Therefore, KNO3 - NH4NO3, and KH2PO4- NH4H2PO4 have similar electrical 
behavior in this system. Furthermore, it is of interest to note that the resonator having the 
smallest outer diameter has a more salt-specific response. We attribute this to the smaller 
shielding of the reader antenna associated with a smaller surface area of the Archimedean 
spiral resonator, which leads to a higher sensitivity of the sensor to the ionic solution and 




Figure 5. Polar plots showing magnitude and phase of transmission scattering signal (S21) for potassium 
nitrate (KNO3), ammonium nitrate (NH4NO3), potassium phosphate (KH2PO4), and ammonium phosphate 
(NH4H2PO4). The test was conducted using three resonators with 1.2 mm pitch size and varying length in 
the 100 nM – 1 M concentration range and the results are demonstrated here for four of these 
concentrations.  
Application of Resonant Sensors to Field Run-off of Nitrates 
To further explore the applicability of an uncoated resonator to transduce the relative ion level in 
a meaningful, real-world use case, we applied these sensors to agricultural field run-off. 
Subsurface drainage water samples were collected from research plots at the  Iowa State 
University Agricultural Engineering and Agronomy Research Farm in Boone, IA (Field 5), which 
receive either poultry manure or inorganic nitrogen fertilizer as a source of nitrogen, to measure 
the level of nitrate draining from the field. These were quantified in an established water testing 
lab using a cadmium reduction method, which reports the results as nitrogen concentration 
([N]). We first benchmarked the resonant sensor (l = 1.255 m) with the calibration standards 
used by the established method. The standard solutions show a reduction in the peak to peak 
amplitude as the nitrogen concentration increases (Fig 6a, b). This response follows what we 
observed in the KCl tests (Fig 4b and d) in terms of the peak to peak amplitude decrease. The 
sensor response to the actual field samples (Fig 6c) and measured peak-to-peak amplitude 
(Figure 6d) also show a similar trend (observed when screening the same samples on the 0.8 
and 2.764 m length resonators as well, Figure S12), albeit with more noise and at a different 
level of power transmission (3 dB vs. 30 dB).  We attribute this to the complexity of actual field 
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samples that contain other background ions, biomass, and sediment, although in the case of 
these samples coming from the same water source, these background ions are more uniform. 
The complexity of field samples is further accentuated when attempting to correlate samples 
collected from different bodies of water (vastly differing background profiles). This was done for 
18 samples collected across two different sites in Iowa (Figure S13). These experiments 
highlight an inherent limitation to the uncoated resonant sensors: they are susceptible to a large 
amount of noise caused by changing levels of other ions in solution (or other particles that might 
affect the solution conductivity or permittivity). To overcome this limitation, selectivity could be 
improved by incorporating polymer-based ion selective membranes to filter the disturbing ions 
and particles.57,58 For example, high nitrate selectivity has been demonstrated by using 
rhodium(III) porphyrin and salophen as ionophores in a polymeric-based nitrate selective 
membrane.59  A possible alternative to these more elaborate coatings, would be to exploit the 
differences in response observed when the resonator geometry is changed.  
 
Figure 6. Field 5 nitrate and nitrite test. (a) The sensor S21 magnitude (dB) response for nitrate standard 
solutions (KNO3) b) the calibration curve of the resonant sensor for the standard nitrate solutions (c) the 
sensor response for real waterway samples collected from Iowa sources with accompanying nitrogen 
levels. (d) the peak-to-peak amplitude for the real sample vs. measured nitrogen levels. The subscripts 
represent the field plot number from which the sample was collected. 
 
 
Measuring Ion Mixtures with Resonant Sensor Array 
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Observing that the sensor response was dependent on the concentration, type of ion, and 
resonator geometry, we wanted to test if an array of resonators could provide orthogonal 
responses such that a mixture of ions could be better differentiated. We tested this idea by 
preparing 21 samples of 1 mM solutions consisting of KNO3, NH4NO3, and NH4H2PO4 (Table 
S14). The total ion concentration was kept constant at 1 mM in order to eliminate the effect of 
the concentration of the solution on the sensor response. Each individual salt component had a 
concentration ranging from 0 to 1 mM. As mentioned earlier, changing the length of the 
Archimedean spiral resonator has a more significant effect on the resonant frequency shifts 
observed for different concentration values. Therefore, the three resonators used for this 
experiment had a 1.2 mm pitch size and 0.8, 1.225, and 2.764 m spiral length. The three 
parameters captured and plotted in ternary response diagrams (Code S15) were |S11|, |S21|, and 
∠S21 (Figure 7). For |S21|, the magnitude was defined as the peak-to-peak amplitude as 
described earlier (Figure S16 b). For the non-sigmoidal response of |S11| and ∠S21 however, the 
results were reported in reference to the control solution (50 ml DI water) (Figure S16a and c).  
The ternary diagrams show that the resonator array responds with some orthogonality to 
different ion mixtures even though the total concentration of the solution is constant. The sensor 
response is dependent on the geometry of the resonator; however, the general trend (pattern of 
the ternary plot) of the response is consistent between different sensor sizes. Moreover, since 
KNO3 and NH4NO3 are electrically similar (having cations with similar mobilities and identical 
anions), there is a relatively large region observed in the ternary plot in which modifying the 
concentration of KNO3 and NH4NO3 does not cause a change on the scattering parameters; 
however, a major variation in the sensor response was observed by changing the NH4H2PO4 
concentration which we attribute to the sensor being more responsive to anion in this case due 
to the similar mobility of cations present in the solution (K+ and NH4+). The ternary test was 
repeated in order to study the reproducibility of the sensor response and was found to be 




Figure 7. The sensor response in terms of the magnitude of S11 (reflection signal) and magnitude and 
phase of S21 (transmission signal) to 1 mM solutions of various mixtures of KNO3, NH4NO3, and 
NH4H2PO4. The resonators used for this study were similar in pitch sizes (1.2 mm) and different in length 
size.  
 
For all the sensor geometries and sensor response parameters, we observe four distinct regions 
observed in the ternary plots (Figure 8a). As a final step, we tested the ability of the resonant 
sensor to be used for determining the concentrations of individual salts in a solution containing 
unknown concentrations of KNO3, NH4NO3, and NH4H2PO4. For this purpose, four 1 mM 
mixtures having unknown concentrations of the above-mentioned salts were prepared (Table 
S18) and their |S11|, |S21|, and ∠S21 were measured via the same three resonators used in the 
previous ternary mixture tests. We developed an algorithm (Code S19) to generate prediction 
regions of concentrations for the samples with unknown salt mixture, based on the ternary plots 
demonstrated in Figure 7. The algorithm takes data collected from the unknown salt mixture and 
rank orders it with interpolated data from the ternary plots of the 21 known salt mixtures. The top 
percent (different for different regions based off of the size of the region) of points from this rank 
ordering are then plotted with the unknown point (Code S19).  It was observed that this 
algorithm is capable of predicting the dominant region to which the mixture belongs when the 
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mixture is not on the borders between these regions (Figure 8d); however, at present, we were 
not able to predict the exact values of the salt concentrations in the solution (Figure 8). This can 
be attributed to the quantity of the solutions (21 samples) used to create the interpolation map, 
this might not be sufficient for the predictions. Furthermore, we have only used three response 
parameters as the sensor response while we can extract eight scattering parameters (|S11| (dB), 
∠S11, |S21| (dB), ∠S21, |S12| (dB), ∠S12, |S22| (dB), and ∠S22) for each sensor to make a prediction 
with higher accuracy. Also, using a larger array of sensors (e.g. a panel of 10 sensors with 
different lengths) would give better approximation of the unknown concentrations. In summary, it 
appears some amount of differentiation of complex samples can be afforded by an array of 
uncoated sensors, however in some cases it may be better to employ alternative means of 
selectivity. 
 
Figure 8. Ternary mixture with unknown ionic concentration. (a) Concentration regions of ternary plots; 
(b), (c), (d), (e) Prediction region from (a) on left (red, yellow, green) and region predicted from ion 
predictor algorithm on right (cyan) for 1mM aqueous solutions containing different combinations of KNO3, 
NH4NO3, and NH4H2PO4 concentrations. 
CONCLUSION 
In this paper, we have demonstrated the fabrication of flexible and wireless resonant sensors to 
be used for the detection and quantification of ions in an aqueous solution. In this setup, the 
scattering parameter responses are captured using an external reader antenna connected to a 
portable vector network analyzer, which are further analyzed to extract the resonant frequency 
and peak-to-peak amplitude as the sensor response. We have also modeled the sensor and 
reader setup with a lumped-element model, which closely matched the experimental data for air, 
DI water, and KCl media. Furthermore, KCl solutions, having a concentration range of 0 – 1M as 
well as at its solubility limit, were tested on the wireless resonant sensor and the sensor showed 
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a clear response to changes in the concentration. This response is supported by lumped-
element circuit modeling and a combination of Debye – Falkenhagen theory, Sack’s effect, and 
desaturation effect. This response was similar for sensors with different geometrical features. 
Repeating the same test for KNO3, NH4NO3, KH2PO4, and NH4H2PO4, the sensor showed a salt-
specific response, which was more dependent on the anion. The resonant sensor was applied 
to agricultural runoff, measuring nitrate levels in samples from a field fertilized by poultry 
manure. The uncoated resonant sensor is capable of recapitulating the level of nitrates in real 
samples (same trend that is observed with clean standards), however, with a large degree of 
noise which is attributed to changing levels of background ions, sediments, etc. The resonant 
sensor was then challenged in the presence of multiple salts and showed four clear 
concentration regions for all the responses. Finally, we were able to successfully predict the 
general concentration region of an unknown solution using an array of three resonators with 
different length sizes. This is the first demonstration of using an array of uncoated resonant 
sensors to attempt fingerprinting of ions in solution. 
Future work includes improving the sensor selectivity and fabrication. We can potentially 
improve the sensitivity and selectivity of the sensor by using a larger array of resonators (>3 that 
were employed in this work) as well as attempting to leverage the ion-selective membranes 
(e.g. valinomycin for potassium)60 as a coating on the resonator. Furthermore, the ability of the 
sensor array to accurately predict unknown ion concentrations can be fulfilled by testing more 
than 21 reference sample solutions, using more than three resonators, and extracting more than 
three scattering parameter features. This type of sensors has potential applications in industries 
for which measuring and detecting ions at low concentrations (<100 mM) is substantial such as 
biomedical and agricultural. Using this method, the time-consuming process of collecting 
samples and conducting laboratory tests can be replaced with in situ scanning of the passive 
sensors, which provides us with the real-time results. This will especially become relevant when 
using other scalable fabrication methods, such as screen printing to make low-cost, single-use 
resonator arrays. 
EXPERIMENTAL SECTION 
Fabrication of resonators and reading process. The spiral resonators were designed using 
Rhino 5 software and then transferred as a mask on copper coated polyimide via a Silhouette 
Curio XY plotter coupled to an ultrafine point permanent marker. The masked copper is placed 
in an etchant solution of 30 ml H2O2 and 15 ml HCl.40 The indelible ink was released from the 
sample by rinsing the sheet with acetone. As the final step, the resonator was inverted and 
sealed with epoxy to protect the coils from shorting. A coplanar two-loop reader antenna was 
connected to a vector network analyzer (VNA) to interrogate the resonator. The phase and the 
magnitude data of S21 and S11 were automatically recorded by a laptop using MATLAB. The 
resonant frequency and peak-to-peak amplitude of the resonant peak were determined with 
custom algorithms (Code S3). 
Ion concentration test procedure. To test the effect of ion concentration on the scattering 
parameter response, increasing concentrations of potassium chloride (KCl), potassium nitrate 
(KNO3), monopotassium phosphate (KH2PO4), ammonium phosphate (NH4H2PO4), and 
ammonium nitrate (NH4NO3) were added to the resonator petri dish while the total liquid volume 
was kept constant at 50ml. For this purpose, a panel of 40 different concentrations of the above-
mentioned salts, ranging from 100 nM to their solubility limits in DI water at room temperature 
were tested on resonators with different geometries (Table S2). 
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Field Sample Test. The field runoff samples were collected from the Black Hawk Lake (BHL) 
watershed in west central Iowa, and the Field 5 plots at the Iowa State University Agricultural 
Engineering and Agronomy Research Farm in Boone, IA. The BHL samples were either in-
stream samples from smaller subwatersheds (8, 11, and 12) in the BHL watershed, or 
subsurface drainage tile samples (12 and 36 inches in diameter) from subwatershed 8. These 
samples were collected during three types of conditions: 1) grab sample: the samples were 
collected regardless of the flow conditions; 2) storm event sample: the storm event is defined as 
an increase in base flow by more than 50%. These samples were collected via an automated 
water sampler (ISCO 6712); 3) weekly flow-weighted sample: which are the base flow samples 
(no storm event samples included) and were also collected automatically using an ISCO 6712. 
Regarding the Field 5 plots, research has been performed on the effect of using poultry manure 
as fertilizer on crop yields, soil properties, and water quality for approximately 20 years. There 
are 14 field plots at the Agricultural Engineering and Agronomy Research Farm that receive 
different amounts of poultry manure or inorganic nitrogen fertilizer. All Field 5 samples are grab 
samples from subsurface tile drains.  
 
All samples from BHL and Field 5 were preserved by using sulfuric acid in order to drop the pH 
of the samples to <2, and then were kept at 4ºC until analyzing for nitrate and nitrite level. The 
water quality research laboratory measured the nitrate and nitrite level of the samples in terms 
of nitrogen concentration ([N]) via a Seal Analytical (Mequon, WI) AQ2 discrete autoanalyzer 
using the conventional colorimetric cadmium reduction method. The samples were then tested 
on the resonant sensor having outer diameter of 40 mm, inner diameter of 1.2 mm and pitch 
size of 1 mm at room temperature. The standard nitrate solutions (0.15 – 56.0 mg N/L) were 
also tested on the resonant sensor. Furthermore, the phosphate level (one of the important 
background ions) of the samples was also measured with a modified ascorbic acid method. The 
BHL samples were filtered (<0.45 µm) prior to analysis for phosphate (and are reported as 
‘dissolved reactive phosphorus’). Field 5 samples were not filtered, but visible sediment was 
allowed to settle prior to analysis. 
Ion mixture test. In order to study the ability of resonant sensors to have a specific response 
for different mixtures of ions, 21 samples containing different concentrations of KNO3, 
NH4H2PO4, and NH4NO3 were prepared which spanned the design space and allowed for the 
construction of ternary plots. The total concentration of each sample was kept at 1 mM and the 
volume was 25ml. These samples were tested on three resonators with constant pitch size (1.2 
mm) and 0.8m, 1.255m, and 2.764m lengths and the magnitude and phase response of the S21 
as well as the magnitude of the S11 were captured. Initially, the resonator of interest was fixed 
on the reader and then each sample was placed in the petri dish containing the resonator. After 
capturing the signal, the sample was removed, the sensor was completely cleaned without 
being moved, and the next sample was tested. 
Unknown sample test. For each concentration region in the ion mixture ternary results, we 
prepared a sample called “mystery solution” or “unknown solution” in order to determine the 
concentrations of KNO3, NH4H2PO4, and NH4NO3 in the results of the ternary mixture test. The 
concentration information of these samples can be found in Table S18. A linear interpolation 
was performed between the 21 points of the Ion mixture test using 150 majors in the 
“alchemyst/ternplotf” code for all data collected from three resonators with constant pitch size 
(1.2 mm) and 0.8m, 1.255m, and 2.764m lengths and the magnitude and phase response of the 
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S21 as well as the magnitude of the S11. The data collected from the “unknown solutions” were 
thank ranked ordered to the closest fit using least squared errors method.  
ASSOCIATED CONTENT 
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